Abstract Recently, nanofibrillated cellulose with cationic functional groups was synthesized. This trimethylammonium-modified nanofibrillated cellulose (TMA-NFC) was applied in this study for the preparation of composites with various layered silicates. These belonged to the groups of montmorillonite, kaolin, talc, vermiculite, and mica. The respective composites were prepared by high-shear homogenization followed by filtration and hot-pressing. Data on crystal structures, chemical compositions, cation exchange capacity, specific surface area, density, and morphology of all clays and micas themselves as well as structure information of the corresponding composites have been collected. Possible microstructural features responsible for the composite appearances were tentatively identified. Principally, the interactions between TMA-NFC and the layered silicates were pronounced, due to electrostatic attraction of cationic cellulose fibrils and anionic silicate layers. This mutual interaction between TMA-NFC and layered silicate, however, was influenced not only by layered silicate properties but also by the composite preparation method, as discussed in this study.
Introduction
Clay minerals are natural products. They are used in a number of different commodities, such as building materials, ceramics, paper, paints, cosmetics, pharmaceutics, and geological products [1, 2] . In many applications, clay minerals are combined with polymers. When the clay particles are present in a highly delaminated state in the polymer matrix, the corresponding materials are attributed to the class of nanocomposites. The presence of clay can significantly improve the thermal stability [3] , tensile properties [3] , or barrier properties against gas and vapor transmissions [4, 5] of the polymer matrix.
Clay minerals belong to the class of layered silicates which is divided in various groups (e.g., kaolin, talc, mica, smectite, and vermiculite) that possess different structural characteristics. The structure of clays and micas is based on two types of layers: one tetrahedral sheet is bonded to one octahedral sheet in 1:1 layer structures, while in 2:1 layers, an octahedral sheet is sandwiched between two tetrahedral sheets [1, 2] . Kaolin consists of 1:1 dioctahedral layers. It is one of the most widely used pigments in paper industry and is well-known for providing gloss in coating applications. In talc structure, the interlayer space is free of ions, whereas in mica, it is occupied usually by potassium ions [6] . Muscovite and phlogopite are the most common micas due to their commercial importance (electrical industry). However, compared to other types of layered silicates, especially to smectite, there are relatively few reports on micas in composites [7] , although mica platelets possess high aspect ratio and platy morphology. The interlayer space of smectite and vermiculite (2:1 layer structure) contains alkaline metal or alkaline-earth metal cations such as Na ? , K ? , Ca 2? , or Mg 2? , together with water molecules. Smectite and vermiculite silicate layers have smaller negative layer charge than mica. Smectites represent an interesting group due to their high swelling capacity in water [1] that renders them suitable for many applications such as artificial geological barrier layer, absorbent in food industry or thickener [8] . A popular clay mineral of the smectite family is montmorillonite that is frequently used as a component in nanocomposites [9, 10] .
Research on classical polymer/clay nanocomposites has predominantly been carried out using synthetic polymers as a matrix, for instance polyimides [4] , polymethacrylates [11, 12] , polyethylene [13] , or polystyrene [11, 14] . However, the environmental impact of petroleum-based polymers, in particular in packaging industry, has stimulated efforts to replace these by sustainable, biodegradable and environmentally friendly polymers in composites with clays [15] , for example, potato starch/montmorillonite [16] or poly(lactic acid) (PLA)/ montmorillonite [17] . Cellulose fibers belong to the first choices when sustainable bio-materials are to be used [18] , due to particular features such as renewability, biodegradability, non-abrasiveness, low density, and low cost [19, 20] . Systems of natural cellulose fibers and clays, however, have considerable drawbacks. Since natural cellulose fibers with diameters of 10-25 lm [21] provide very little specific surface area, the interface between clay and a matrix of cellulose fibers is small and their interactions, if possible at all, are limited. A reduction in fiber dimension, especially fiber diameter, would result in a much larger contact surface area with incorporated particles.
Consequently, nanofibrillated cellulose (NFC) is expected to be particularly suited as a matrix for composites with clays. The fiber diameters of NFC are below 100 nm and their lengths are in the micrometer range. NFC has been obtained from cellulose fibers by combinations of chemical, enzymatic, and mechanical treatments [22] [23] [24] . In fact, compared to native cellulose fibers, NFC possesses smaller fiber sizes (higher aspect ratio) and higher quantity of reactive surface -OH groups per mass unit of cellulose (due to larger specific surface area). NFC nanocomposites thus show a much higher grade of homogeneity, higher tensile strength and modulus, higher transparency [25] [26] [27] than composites of cellulose fibers. Recently, nanocomposites of polymers and NFC as a reinforcing component have been developed [28, 29] , and few works on NFC/clay composites (so-called nanopaper) have been published lately [30, 31] . However, no study is available which deals with interactions between NFC and clay or mica.
Regarding interactions between NFC and clays or micas, it has to be considered in all systems that cellulose is negatively charged due to the presence of -O -and -COO -groups, and those groups basically repel the negatively charged silicate layers of clays and micas. This discrepancy leads to a lack of compatibility or adhesion at the interface between cellulose fibers and clay or mica platelets.
However, optimum compatibility between cellulose and layered silicates is indispensable to address properties of ensuing composite materials like impermeability and high thermal stability [32, 33] . For these reasons, it is necessary to modify either the silicates or the cellulose fibers in order to improve the compatibility between the two components. Cationic groups at the cellulose surface are expected to be particularly suited to enhance the ionic interactions with the negatively charged silicate layers of clays and micas. Indeed, we have reported recently the preparation of cationized nanofibrillated cellulose (TMA-NFC) (see Fig. 1 ) for better ionic interaction with negatively charged montmorillonite clay layers [21] . However, in order to obtain homogeneous materials, the processing of the two component system is also pivotal. Therefore, we investigated the processing and interaction of different kinds of layered silicates (clays and micas) with TMA-NFC in this study. For simplicity, TMA-NFC/layered silicate systems are denoted TMA-NFC/LS. Composites with well-characterized TMA-NFC [21] and layered silicates were produced by high-shear homogenization, filtration, and hotpress processes. In order to understand the interaction between cellulose fibrils and layered silicates, the morphology in both wet (suspension) and dry (film) systems was studied.
Experimental

Materials
TMA-NFC
Trimethylammonium-modified nanofibrillated cellulose (TMA-NFC) was prepared at a temperature of 97.5°C as described earlier [21] . The available cationic groups in TMA-NFC were estimated based on the nitrogen content of trimethylammonium groups [21] . Cellulose pulp powder produced from oat straw (Jelucel OF300, Rosenberg, Germany) was used as starting raw material for the preparation of non-modified NFC and TMA-NFC.
Layered silicates
Thirteen different types of clays and micas were applied. Information about their suppliers as well as idealized formulae is displayed in Table 1 . 
Film processing
Homogenization, filtration, and hot-pressing
For the preparation of all films of TMA-NFC and different types of clay or mica (Table 1 ), a total mass of 4.41 g was always employed. Thus, in the case of a 1:1 ratio, in the first step, 2.205 g of TMA-NFC (scaled according to the dry content of TMA-NFC suspension) and 2.205 g of clay or mica were put into separate flasks. Water was then added to the TMA-NFC until the total mass of the suspension reached 500 g. After that, this TMA-NFC suspension was transferred to a high-pressure homogenizer (lab-scale microfluidizer type M-110Y, Microfluidics Corporation, USA, see [34] ) and subsequently pumped at high velocities through fixed-geometry interaction chambers (Y or Z morphology) with diameters of 200 lm (H30Z 200lm ) and 75 lm (F20Y 75lm ). Water was also added to the clay or mica, until the concentration in water reached 5 wt%. While TMA-NFC suspension was pumping in the homogenizer, the clay or mica suspension was added at a rate of 5 mL/min. The applied pressure was always 1000 bar to generate the high-shear forces necessary to disintegrate and homogenize the NFC and layered silicate materials. The final suspension was left to pass through the chambers for 20 passes to homogenize the dispersion. Meanwhile, 200 mL of water had been added to the suspension, because NFC and clay or mica residues had to be collected from the flasks and the suspension container walls. The final concentration of TMA-NFC/LS in water was about 0.6 wt%. The suspension was then transferred into a pressure filter, containing a twilled Dutch weave metal filter cloth (stainless steel AISI 316L, 325 9 2300 mesh) with pores size of 5 lm, supported by a more mechanical stable stainless steel mesh of larger pore size and a steel sheet with holes of 2.5-mm diameter. A pressure of 0.5 bar was applied in mounting steps until a stable but still wet film formed. The wet film together with the metal filter cloth was then encased in layers of blotting paper and one sheet of Teflon cloth placed directly on the wet film, in order to prevent the blotting paper from meshing with the sample. These layers were finally packed on a sheet of cotton and transferred into a vacuum bag (Fig. 5) .
A pump was connected to the vacuum bag, and a vacuum (0.2 bar) was applied to remove water remnant, while the assembly was hot-pressed by a Suter LP420 presser (A. Suter AG Maschinenbau, Basel, Switzerland) at 105°C and 150 bar. After 25 min, the heat was turned off and the film was left to cool down while still under pressure to reduce residual stress. The cooling process lasted for about 2-3 h.
Characterizations
TMA-NFC
Modified NFC was characterized by elemental analysis, methylene blue adsorption, X-ray powder diffraction, viscosity, and scanning electron microscopy (SEM) as reported earlier [21] .
Clays, micas, and TMA-NFC/LS systems Crystal structure Crystal structures were examined by powder X-ray diffraction (XRD) patterns of clay or mica particles pressed into pellet form taken by a PANalytical (Almelo, Netherland) X' Pert Pro diffractometer to identify The formulae were taken from the literature or from declaration of the suppliers the type of the layered silicates. The diffractometer was equipped with a copper anode (Cu K a radiation) operating at a wavelength k = 1.5418 Å . Cu K a radiations was generated at 45 kV and 40 mA and a Ge (111) monochromator. All XRD spectra were recorded in the interval of 2°\ 2h \ 80°with a step size of 0.033°. The reflected intensities were registered as functions of the diffraction angle 2h.
Elemental composition The elemental composition of layered silicates was determined by wavelength-dispersive X-ray fluorescence (WD-XRF) spectroscopy. Prior to the WD-XRF measurements, the clay or mica samples were treated at 975°C in an oven for 3 h to remove organic compounds. A thin polypropylene film was used to cover one end of a double open-ended sample holder. Treated powder samples were loaded into sample holders and exposed to the measurement. The XRF spectrometer used was a Philips PANalytical PW2400 (Netherland) gauge equipped with Rh X-ray tube with voltage and current of 60 kV and 40 mA, respectively. There were 3 setup detectors: flow counter (FC), sealed proportional counter (PC), and scintillation counter (SC).
Cation exchange capacity (CEC)
The CEC was determined according to the literature [35] . A specific amount (ca. 150 mg for montmorillonite, 600 mg for vermiculite, 1 g for other kinds of layered silicates) of air-dried clay or mica samples was added to ca. 20 mL of ultrapure water and dispersed by ultrasonic treatment (20 kHz, 400 W, 3 min). The sonicated suspension was completely transferred into a 50-mL volumetric flask containing 5 mL of Cu complex solution (prepared with 0.02 mol of anhydrous Cu(II) sulfate and triethylene tetramine from FLUKA AG, Switzerland) and 1 mL of pH 7 buffer solution. The volumetric flask was filled up with ultrapure water to 50 mL, and the suspension was mixed well by turning the volumetric flask 30 times over head. After that, the sample was allowed to sediment. The supernatant suspension was then centrifuged in a microcentrifuge (Microcentaur, MSE, UK) at 13000 rpm for 20 min. The supernatant solution from the centrifugal tube was carefully pipetted into 1 cm measuring cell. This cell was inserted into a spectral photometer CADAS 100 (Dr Bruno LANGE, Germany) and the color intensity value, which was measured as absorbance (Abs), was recorded. With the help of the obtained values, the CEC was calculated based on the dry layered silicate weight, whereas the water content of the layered silicate samples was estimated from the mass obtained after drying clays and micas at 105°C until constant weight. solution was diluted to 50 mL in the cation exchange reaction with layered silicate.
The factor 1000 results from the conversion of mol to millimol, which is the common quantity indicated in CEC values.
The factor 100 results from the conversion of g to 100 g of layered silicate, which is the common quantity indicated in CEC values.
Specific surface area The specific surface area of all clay and mica samples was measured by nitrogen adsorption at -196°C (BET method) in the relative pressure range p/p 0 = 0.05-0.3 with a volumetric sorption analyzer (Autosorb 1MP, Quantachrome Instruments, USA). The standard Brunnauer-Emmett-Teller (BET) method was used to calculate the specific surface area. Prior to the measurements, the powder samples of clay or mica were filled into the sample cell, degassed at 150°C overnight, and purged with helium. The amount of layered silicate samples used was noted by weighing the empty sample cells and the cells after degassing.
Density The density of all layered silicate samples was measured with an AccuPyc 1330 Helium Pycnometer (Micromeritics Instrument Corporation, USA). Ca. 2 g of the powdered samples was loaded into an aluminum pan that was placed in a chamber of defined volume, and the air was subsequently exchanged by helium. The pressures observed upon filling the sample chamber and the subsequent discharge into a second empty chamber allowed calculation of the sample volume. The density was determined as the average value of 10 runs.
Morphology of layered silicates and TMA-NFC/LS composites The morphology of clays, micas, and TMA-NFC/ LS samples was studied by SEM. SEM images were taken with a FEI Nova NanoSEM 230 instrument (FEI, Hillsboro, Oregon, USA). The clay or mica powder samples were prepared by sprinkling small amounts of as-received powder on carbon adhesive tape. In the case of NFC/LS suspensions, SEM pictures were taken after the homogenization step. Such samples were prepared from a diluted 0.05 wt% suspension of which 2-3 drops were placed on a sample holder. Samples of NFC/LS composite films were prepared by fracturing the films in liquid nitrogen. The pieces thus obtained were then fixed on a sample holder with the fracture area facing upwards. All samples were sputter coated directly with a platinum layer of about 8 nm (BAL-TEC MED 020 Modular High Vacuum Coating Systems, BAL-TEC AG, Liechtenstein) in Ar as a carrier gas at 5 9 10 -2 mbar. SEM images were recorded with an accelerating voltage of 5 kV and a working distance of 5 mm. In order to understand in details the morphologies and dimensions of montmorillonite EXM1246 and mica R120, as-received powder samples of these layered silicates were dispersed in deionized water and stirred overnight. The obtained suspensions were prepared for SEM investigations as described above for NFC/LS suspension systems.
Results and discussion
Clay and mica characteristics
Crystal structure Figure 2 shows XRD patterns of clays including montmorillonite, kaolin, talc, vermiculite, and two kinds of mica, phlogopite and muscovite.
According to literature [36] , the interplanar spacing d(001) of montmorillonite, kaolin, talc, vermiculite, and mica (both muscovite and phlogopite) amounts to around 11.8, 7.2, 9.35, 14.3, and 10 Å , respectively. The diffraction angle 2h can be recorded and converted to the interplanar spacing d based on Bragg's equation, n*k = 2*d*sinh [36] . The XRD patterns in Fig. 2 show peaks at 2h of 7.4, 12.3, 9.4, 6.2, and 8.8°for montmorillonite, kaolin, talc, vermiculite, and mica, respectively. These angles agree with the above mentioned interplanar spacings d(001). The findings imply that the respective layered silicates are at least the main component in the used samples. Of course, certain structural defects have to be expected since all used minerals are natural products.
The absence of sharp peaks in the montmorillonite pattern should be noted. The broad peaks in XRD patterns of this type of clay could indicate that the crystallites are small or that crystal defects are considerable. Other layered silicates like kaolin, talc, vermiculite, and mica indicate well-crystallized structures through sharper peaks. In fact, SEM investigations (see below) disclose that the particle size of montmorillonite is smaller (compare Fig. 4 ) than in the other layered silicates, while the deviations of the elemental contents from the idealized composition of the montmorillonite are in the range of the other layered silicates investigated here (see below). Therefore, we attribute the broadness of the XRD pattern of montmorillonite to a small crystallite size rather than an uncommon deviation in the chemical composition.
Chemical composition
In order to evaluate the purity of the supplied samples, WD-XRF measurements were conducted to analyze the chemical composition. Table 2 shows the obtained values for Na, Mg, Al, Si, K, Ca, and Fe, which were then compared to the compositions derived from idealized formulae. Other elements, for instance Ti or Cl, were found only in minor quantities and are, therefore, not presented in Table 2 .
Since clays and micas are natural products, variations of the chemical compositions can occur, which was actually evident from the analyses. Fe, Ca, Mg, and Na were frequently present as impurities. This leads to a difference in Fig. 2 XRD spectra of montmorillonite, kaolin, talc, vermiculite, and 2 kinds of mica: phlogopite (PW30) and muscovite (R120). The XRD spectra of other grades of muscovite are similar to that of mica R120 and are, therefore, not shown the quantity of the basic metal cations relative to their ideal compositions.
The chemical composition of mica PW30 fitted to phlogopite formula, while the other micas had compositions in agreement with muscovite. Notably, we observed 7.2% of Fe in phlogopite (PW30). Therefore, the dark color of PW30 can be explained by the presence of this element. This was also the case for vermiculite, where the Fe content was 10.2%. Observably, there were similarities in the content of the impurities Fe regarding mica R180, mica Sublime 325, and mica R120.
Cation exchange capacity, specific surface area, density, and morphology Table 3 displays the CEC, specific surface area, and density values of clays and micas. Densities were measured to allow the calculation of volume fractions from mass fractions in composites. The densities were between 2600 and 3000 kg/m 3 , that is, in a common range for clays and micas. Most of the mica types have slightly higher densities compared to the other clay types. This might cause higher compactness of the composites when including these layered silicates as fillers.
The CEC of the layered silicates was measured in aqueous suspension, while the specific surface area was determined by the BET method using layered silicates in the solid state. Note that the specific surface area in aqueous dispersion would be considerably higher than detected by the BET method, as a part of the particles are expected to pack so densely upon drying that the nitrogen molecules employed in the BET method will typically not have access to all the particle interfaces. Thus, the values determined here by the BET method are considered as the minimum specific surface areas with regard to the dispersed state in aqueous suspension.
Montmorillonite and vermiculite had, respectively, the highest and the second highest CEC and specific surface areas, as shown in Table 3 . The CEC of montmorillonite was 102 mEq/100 g of clay (compared to 106 mEq/100 g indicated by the supplier), vermiculite followed with a value of 23 mEq/100 g. The other clays and micas exhibited very low values of between 0.5 and 3 mEq/100 g. The specific surface area for montmorillonite was 43 m 2 /g followed by vermiculite with 15 m 2 /g; the values of the other layered silicates were in the range of 2.3-9.5 m 2 /g. Among all mica types, PW30 and R120 showed the highest specific surface areas in dry state.
Having the highest values of CEC as well as specific surface area, montmorillonite and vermiculite are expected to show highest ionic interactions with cationic fibrils compared to other layered silicates. CEC value of vermiculite is much lower than literature value; however, the used copper complex method is much simple and rapid compared to ammonium acetate method [37] .
Remarkably, kaolin and talc are expected from the ideal structures to possess almost neutral layer charges (around 0 charge per [O 10 (OH) 2 ] formula unit); in contrast to micas (layer charges of around 1 charge per [O 10 (OH) 2 ] formula unit) [36] . In general, the distribution of the exchange cations in the interlayer space should be connected with the charges on the silicate sheet which they neutralize. The layers of mica, however, are firmly held to each other by the potassium interlayer cations. Normally, the interlayer cations of mica are not exchangeable. Similarly, vermiculite has interlayer cations that are only partial exchangeable with copper ions. This results in low CEC values of micas and lower CEC value of vermiculite. The existence of , etc. ions, should also be taken into account when evaluating CEC of layered silicates [38, 39] .
As a matter of fact, the potential interaction of layered silicates with TMA-NFC is expected to increase with increasing number of exchangeable cations per unit surface area. This number, however, cannot be determined reliably from the specific surface areas obtained with the BET method and the CEC because the former does not represent the specific surface area in suspension (see above). In addition, it is possible that high-shear force of homogenization process could help to split the layers and, therefore, to increase the ionic interactions of negatively charged clay or mica layers with positively charged cellulose fibrils.
Most of the investigations are conducted in dry state (powder) of clay or mica, and therefore, the behavior of clay or mica can differ in those systems from that in the wet state (suspension).
SEM images of as-received materials (Fig. 3) provide information on the morphology and, roughly, the size of the different clays and mica particles. The surfaces of the montmorillonite particles are rougher than those of other clays and micas. From Fig. 3 , it is clearly visible that asreceived layered silicates are in fact the agglomerates of smaller particles. The high roughness and irregular shape of montmorillonite particles, containing pits and holes, may indicate that they are composed of particularly small particles not resolved in the image (Fig. 3a) . This is in fact confirmed upon the dispersion of the particles in water (see Fig. 4 ). Comparing the layered silicate particle sizes, it is obvious that the largest montmorillonite platelets are much smaller than the largest mica platelets. Further, also from images of layered silicate suspensions shown in Fig. 4 , montmorillonite has irregular flake-like shape, whereas mica particle has plate-like shape and smoother surface. It was also noted from the previous section that the broad peaks in the montmorillonite XRD pattern (Fig. 2 ) are in agreement with the small crystallite sizes in montmorillonite. When the clay anionic platelets are flexible (in particular montmorillonite), they can cover the cationic NFC fibrils because of good enough contacts.
Processing and film preparation
Up to now, there was no previously successful study on interactions between NFC and layered silicates, especially when employing cationic modified NFC. Furthermore, montmorillonite was the only clay applied in nanopaper [30, 31] even though there is large variety of clays or micas in nature.
The TMA-NFC/LS film preparation process is summarized in Fig. 5 . To the best of our knowledge, high-shear homogenization method has not yet been used in NFC/clay composite processing. Under the high-shearing forces, the layered silicates might be disintegrated into thinner layers. In addition, these layers were broken into smaller particles that had diameters less than 75 lm in order to pass through the 75 lm chamber.
Regarding film preparation time, solvent casting generally required much time, for example, from 5 days [40] to 1 month at room temperature [41] . In addition, the advantage of a pressure filter compared with the traditional vacuum filter used in other studies [42] was a high flow rate of filtrates through the sieve (twilled Dutch weave metal filter cloth), which resulted in short filtration time, that is, in the range of 20-90 min. In addition, by application of metal filter cloth instead of filter paper, we could easily separate the dried NFC/LS film after hot-pressing from the filter cloth. In respect of hot-pressing conditions, 105°C and 150 bar and a vacuum bag were applied in order to achieve the dried and well-packed films.
Morphology and structure of TMA-NFC/layered silicate systems SEM images were used to study the morphology and structure of NFC/LS systems. Such composites with TMA-NFC were prepared and investigated with 13 layered silicates, and some representative examples are displayed in Figs. 6 and 7. The quantity of the clays and micas was always 50 wt% with respect to NFC. Suspensions Figure 6 shows SEM images of dried suspensions of TMA-NFC/LS (see Experimental section) typical for each group of layered silicates. For comparison, SEM images of nonmodified NFC and mica R120 are shown in Fig. 6f . It is obvious that the mica platelets are not well distributed in the non-modified NFC network. Remarkably, although the mica concentration is 50 wt%, only a few, randomly distributed mica platelets are visible in the NFC network. This indicates that there is no significant interaction of silicate platelets and non-modified NFC fibrils, probably as a result of electrostatic repulsion between the negatively charged silicate layers and the negatively charged surfaces of the NFC fibrils.
In contrast, for all systems of cationic NFC and anionic layered charged clays or micas, the SEM images generally indicate good adhesion of clay or mica surfaces to TMA-NFC fibrils, as indicated by the good distribution of the layered silicates in the NFC network. This is most likely due to ion exchange of ammonium groups in TMA-NFC and the resulting electrostatic attraction with the negatively charged surfaces of the silicate layers. Notably, homogeneous distribution of clay or mica throughout the TMA-NFC network was achieved, even at a very high clay or mica concentration of 50 wt%, as used in this study. Normally, the percentage of clay used as filler in polymer/ clay nanocomposites is less than 5 wt% [10, 43] .
In the suspensions of TMA-NFC and kaolin or talc (Fig. 6b, c) , many large stacks of clays that are not well distributed in the NFC networks are visible. Let us remind that kaolin and talc are composed of octahedral sheets with almost no charge on their layer surface. This renders kaolin or talc platelets less susceptible to ionic interactions with cationic TMA-NFC fibrils.
Interestingly, the tissue-like shaped platelets of montmorillonite, which are bent and folded and do not have a specific alignment (see above), are flexible enough to cover the TMA-NFC fibrils and thus forming a coherent composite network. However, they do not cover the voids between the NFC fibrils (compare Fig. 6a) . Although a dense and even structure was formed from TMA-NFC and montmorillonite, the irregular shapes of montmorillonite are assumed to limit the formation of close or sealed contacts between trims or boundaries of clay flakes. On the contrary, the relatively flat and smooth vermiculite or mica platelets are supposed to be more suitable to seal voids or gaps in the composite systems. In fact, the platelets of vermiculite or mica show strong interactions with TMA-NFC and are, therefore, attached to fibrils in NFC networks (see insets from Fig. 6d, e) . It is also visible from Figs. 6d and e that they are able to cover the voids. Note that all the SEM images were taken from highly diluted suspensions, that is, 0.05 wt%.
When considering a specific area of clay or mica surface in TMA-NFC/LS suspension, for example, 4 lm 2 , derived from high magnification SEM images, it was possible to estimate the number of contacts between fibrils and layered silicates. Since the TMA-NFC fibrils were coved by montmorillonite flakes (Fig. 6a) , this rough counting was only applied for kaolin, talc, vermiculite, or mica systems. Very few contacts (2-6) were seen in suspensions of kaolin, talc with TMA-NFC or mica with non-modified NFC (Fig. 6b, c, f) , whereas 35 till 45 contacts were observed in TMA-NFC/vermiculite and TMA-NFC/mica R120, respectively (Fig. 6d, e) .
It should be noted that flocculation was observed when clay minerals were added to TMA-NFC suspensions. This flocculation problem was diminished after passing the mixtures through high-pressure homogenizer. Flocculation is probably caused by ionic attraction between cationic fibrils and anionic silicate layers and is, therefore, regarded as a qualitative indication of interactions between TMA-NFC and layered silicates.
Composites
The TMA-NFC/LS composite films were prepared as described in the Experimental section and as illustrated in Fig. 5 . Figure 7 presents SEM images of cross-sections of freeze-fractured composite films from the same TMA-NFC/LS systems described previously. Remarkably, all the NFC/LS composite films show a layered structure with parallel clay or mica platelets oriented in-plane with the cellulose. These layers are aligned. For comparison, a SEM image of non-modified NFC and mica R120 is shown in Fig. 7f .
The structure of the TMA-NFC/montmorillonite film seems to be slightly denser compared to the other composites, although the applied layered silicate concentrations were the same for all films (50 wt%). Again, it is evident that the montmorillonite particles are finer than the other layered silicate particles as the former cannot really be distinguished in the respective SEM image (Fig. 7a ). Mica and vermiculite composites (Fig. 7d, e (Fig. 3) , while the homogenized materials have dimensions in the range of ca. 0.25-10 lm (Fig. 6 ). Many thick clay or mica stack aggregations are detectable in the composite films of kaolin or talc with TMA-NFC, or mica R120 with non-modified NFC (Fig. 7b, c, f) . These findings are in accordance with those described in previous section, derived from the images shown in Fig. 6 . Thus, the oriented multilayer structure has been achieved by high-shear homogenization, filtration, and hot-pressing processes, which up to now has been only mentioned when using the more time-consuming layer-bylayer deposition techniques [44, 45] . There are two important factors like applied shearing forces and cationization of cellulose fibrils when discussing interactions between cellulose fibrils and clay or mica layers. The applied shearing forces during the high-pressure homogenization process caused delamination of layered silicate particles into thinner stacks or lamellae which were subsequently attached to the positively charged fibril surfaces due to ionic interactions or cationic exchange mechanisms. In other words, both cationization of cellulose fibrils and high-shear homogenization may be optimal to initiate good interactions between TMA-NFC and layered silicates.
However, there were still minor silicate layer stacks in the system of cationic NFC and anionic silicate layers; that is, the clays were not completely delaminated into single silicate layers and not fully dispersed into the NFC network (complete delamination is not expected for the micas due to the larger attraction of the silicate layers by the interlayer cations, see above).
Conclusions
The study has given an overview of ionic interactions between NFC and different families of layered silicates. Thirteen types of layered silicates that belong to smectite, kaolin, talc, vermiculite, and mica groups were used to produce composites with cationic nanofibrillated cellulose (TMA-NFC) using a process of high-shear homogenization, filtration, and hot-pressing. Montmorillonite and vermiculite had higher cation exchange capacities and specific surface areas compared to other layered silicates. Montmorillonite had smaller crystallite size, smaller platelet dimensions, and rougher platelet surface. Thus, montmorillonite clay interacts differently with cationic fibrils compared to vermiculite, mica, kaolin, and talc. While montmorillonite clay layers covered cationic cellulose fibrils, vermiculite and mica platelets were rather attached on TMA-NFC networks, as indicated by respective suspensions after drying. There were no significant interactions between kaolin or talc and TMA-NFC. This resulted in the visible larger stacks of kaolin and talc in the systems with TMA-NFC. Experiments with non-modified NFC were also performed for comparison. The interactions of modified NFC and non-modified NFC with layered silicates also showed dissimilarities: There were no significant interactions between non-modified NFC and mica, in contrast to systems with the cationic TMA-NFC. This was also evident in parallel oriented multilayered structures of hot-pressed composite films of NFC and layered silicates as montmorillonite formed particularly dense composite structures with TMA-NFC, while other TMA-NFC/LS composite films had clearer and more distinguishable layered structures.
These findings were explained based on different interaction types, that is, electrostatic attraction or repulsion in NFC/LS systems. In any case, the cationic functional trimethylammonium groups of NFC are essential in this study for compatibility of NFC and layered silicates. In addition, the NFC/LS composite processing method, especially with the application of high-shear homogenization, possibly impacted the distribution of layered silicates in NFC networks.
Systems of montmorillonite clay and TMA-NFC displayed the best interaction level, where the clay flakes covered the cationic cellulose fibrils and formed a dense structure. Vermiculite and mica, due to the flatly morphologies, however, exhibited a high tendency of voids coverage.
The mechanical and barrier properties of NFC-LS composites will be evaluated in the next steps to understand further the interactions between these elements as well as to draw further possible applications for NFC/layered silicate composites.
